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Introduction
The optical process of spontaneous parametric down-conversion (SPDC) involves the virtual absorption and spontaneous splitting of an incident (pump) photon in a transparent nonlinear crystal producing two lower-frequency (signal and idler) photons [1] [2] [3] . The pairs of photons can be entangled in a multi-parameter space of frequency, momentum and polarization. In type-I SPDC the photons are frequency-entangled and the signal and idler photons have parallel polarizations orthogonal to the pump polarization. Entangled photons have been used to demonstrate quantum nonlocality [4, 5] , quantum teleportation [6] [7] [8] and, more recently, quantum information processing [9] [10] [11] and quantum cryptography [12, 13] . One of the challenges in recent practical schemes such as quantum cryptography and quantum communication is to maximize the efficiency of coupling of single photons into single-mode optical fibers. Several models and experiments have been developed to predict and measure the coupling efficiencies of down-converted light into single-mode fibers [14, 15, 16] . In the model and experiment of Kurtsiefer et. al. [14] , the angular distribution of non-collinear type-II down-converted light for a given spectral bandwidth is calculated. Their idea is to match the angular distribution of the photon pairs to the angular width of the fiber mode. Bovino et. al. [16] produced a more rigorous model in which the dependence of the coupling efficiency on crystal length and walk-off were investigated. The importance of hyper-entanglement in type-I down-conversion and its possible use as a resource in the field quantum information has been recently discussed [22] . Single photon on-demand sources have also been designed using an array of type-I down-converters [23] . In contrast to previous work, we present a detailed theoretical model describing single-photon mode coupling in the simple situation of collinear type-I down-conversion. The pair photon count rate is calculated and an analytic expression which determines the condition for optimum single-photon coupling in single-mode optical fibers is obtained in terms of experimental parameters.
Amplitude for pair detection in single-mode fibers
The amplitude for detecting photon pairs at conjugate space-time points  
where t1 and t2 are detection times of signal and idler photons and
Heisenberg electric field operators [18] . In the steady state the right-hand-side of Eq. (1) can be expressed as 
where the coupling coefficient
is a projection onto the appropriate fiber mode and is defined as [19] ) , ( ) , ( 
where d is the length of the crystal, (5) can be approximated to unity in a first-order analysis. If we assume that the divergence of the pump is negligible over the length of the crystal, i.e., the crystal is sufficiently thin, and that the transverse shape of the pump is gaussian, we can take the shape function as 
where v is the first-order dispersion coefficient of the nonlinear crystal. The collinear situation is obtained for 0 *   .
Calculation of the coupling coefficient
The coupling coefficient is defined in Eq.. (4) as the overlap integral of the input modes and the fiber mode. For our calculations in the collinear geometry the fibers are positioned along the z-axis. In experiments one needs to use a beam splitter to separate the beams as is shown in Fig. 1 . A lens of focal length f is used to focus collinear signal and idler beams onto identical single-mode fibers through a 50/50 beam splitter. The pair count rate is then measured by single-photon detectors D1 and D2 connected to a correlator. Since the beam splitter introduces constant phase factors into the pair detection amplitude, our calculations will also be valid for this experiment. 
